The amount of road safety studies based on driving simulators is significantly growing. The Universitat Politècnica de València (UPV) has developed a low-cost driving simulator: SE 2 RCO (Simulator for the Assessment, Training and Rehabilitation of Drivers, in Spanish). The main objective of this research is the validation of the SE 2 RCO driving simulator in order to perform studies about road safety and highway geometric design considering human factor. Its validation is based on continuous speed profiles collected from 28 volunteers on a 30 km two-lane rural road section. The same volunteers drove through the same road section built in SE 2 RCO. Speed data of 79 curves and 52 tangents were selected for the analysis. The comparison of the real and simulated speeds ensured the objective validity according to average and operating speeds. Two models were developed to predict field speeds from simulated speeds. Results show that a simulated average speed lower than 90 km/h approximately is linked to a similar real average speed. For higher simulated speeds, the average speed in the real environment is lower than the simulated one. In addition, the actual operating speed is around 5 km/h lower than the operating speed in the driving simulator. Most volunteers assessed the quality and similarity of the virtual environment to the real world as medium or high, as well as for the driving tasks, thus achieving the subjective validation. 
INTRODUCTION
 Lack of knowledge of the vehicle, as well as errors in the sensory feedback Despite of these issues, previous research indicate that drivers operate more similarly to the real environment when using advanced simulators with high quality graphics.
On the other hand, one of the most important advantages of using driving simulation is the ability to collect continuous speed data, which is very difficult in field. This is why most previous validation studies have used spot-speed data. Pérez-Zuriaga et al. (22) introduced a new methodology for obtaining continuous operating speed profiles in field conditions. This paper presents how SE 2 RCO simulator has been validated. After a first exploratory analysis, some models to estimate the field speed as a function of the simulated speed have been obtained. Both the mean speed and the operating speed have been considered.
OBJECTIVES AND HYPOTHESES
The main objective of this research is the validation of SE 2 RCO driving simulator at the Universitat Politècnica de València to perform studies about road safety and highway geometric design.
The validation process considers two dimensions: objective and subjective validity. The first one is achieved by means of a comparison between field (Vf) and simulated (Vs) speeds. The subjective validity is performed considering drivers' perception, obtained through surveys. It has also enabled the study of the symptoms of adaptation to the simulation (SAS), which is always an issue when a driving simulator is used.
The underlying hypothesis is that there is a correlation between Vs and Vf, which allows the validation of a driving simulator. According to Bittner et al. (23) and Bella et al. (14) , the difference between the simulated speed (Vs) and the field speed (Vf) increases when Vs increases. In addition, according to Bittner et al., a lower simulated speed is expected for hard-controlled geometric features.
METHODOLOGY

Two-lane Road Section
The researchers proposed a 30 km long two-lane rural road section of the CV-35 road for the analysis, from Losa del Obispo (PS 53+500) to Titaguas (PS 83+700). This road section is located in the Valencian Region (Spain). It presents a lane width of 3.25 m, and a shoulder width of 0.25 m. The AADT is 2012 vpd.
This road section has been selected since it is composed by three homogeneous road segments with different features, covering a wide range of geometric features. The first one extends from Losa del Obispo to Chelva (PS 67+800) and it is basically composed of isolated smooth curves, low longitudinal grades and long tangents. The second segment is located between Chelva and Tuéjar (PS 73+100) and it is characterized by successive sharp curves, moderate longitudinal grades and short tangents. The last one includes sharp curves, large grades and diverse tangents (TABLE 1) .
The total length is 30.185 km. However, the effective length is 28.877 km because there is 1.308 km of urban road between segments 1 and 2. As a result, a total amount of 79 isolated horizontal curves and 52 tangents longer than 120 m were selected for the study.
Volunteers
Twenty-eight volunteers took part in the experiment. The age ranged from 27 to 61 years-old, while the men/women ratio was 80/20. Participants were students, faculties and staff of the University, as well as non-university-related volunteers. All participants drove their own vehicle for the field tests. None of the volunteers was directly involved in the research or was aware about its final objective.
The age and gender distributions of the drivers were representative of the actual drivers of this region, according to the naturalistic data collected by Pérez-Zuriaga et al. (22) . In their study, age and gender distributions from more than 80 actual drivers (not volunteers) along the same road were obtained in 2008 for a different research, where continuous individual speed profiles were also collected. García et al. (24) compared how mean and operating speed profiles of volunteers and actual drivers matched, validating the use of data from volunteers as a surrogate measurement of actual drivers.
Field Study
Data Collection
The quasi-naturalistic methodology of this study was presented by García et al. (24) . Each one of the 28 volunteers performed one forward and backward trip, driving their own vehicle (passenger cars in all cases). The tests were carried out between March and April 2014 under daylight and favorable weather conditions.
Every vehicle was equipped with three VIRB Elite cameras, which include a GPS unit. These cameras record a HD video of the road, as well as the position (1 Hz), speed and accelerations (10 Hz). Two of these cameras were centered in the windshield, facing towards the front of the vehicle. The third one was also in the windshield, pointing towards the interior of the vehicle in order to record driver' expressions (FIGURE 1).
Collected data was used for developing continuous operating speed profiles for every driver. In addition, driving experience, road familiarity, dizziness and workload demand were also asked to participants before or after the test (24).
Data Reduction
Once data were collected, a computer program developed by the research group was used to transform the original time-based data to a station-based one. In addition, the horizontal alignment was recreated according to the procedure proposed by Camacho-Torregrosa et al. (25) .
Drivers not performing at free-flow conditions were removed, using the methodology proposed by Pérez-Zuriaga et al. (26) . This procedure states that drivers experience a sudden variation of their corresponding operating speed percentile under non-free-flow conditions. After this step, 66% of curve data and 68% of tangent data performed under free-flow conditions. Considering each element separately, the amount of valid data ranges from 43% to 79% in curves and from 50% to 75% in tangents.
Driving simulator study
The SE 2 RCO Driving Simulator The SE 2 RCO is an interactive fixed-base driving simulator (FIGURE 2). It consists of a simulation computer, which provides the graphics performance required for the implementation of the simulation software; data collection in real time; wireless router; three-screen-display monitors 1.80x0.34 m with 120º of the field of view; Matrox TripleHead2Go, which is the intermediary between the graphics card of the simulation computer and the three screens; sound stereo system; steering wheel, pedals and gear shift of a Citroen Saxo; and generic adjustable seat.
In addition, the simulator has sensoring brake pedal by load cell to measure forces; sensoring displacement in the three pedals by potentiometers; sensoring of gear changes by microswitch; sensoring the steering wheel by encoder; and sensoring the torque on the wheel by torque sensor.
That provides a view of the road and the environment very close to the real conditions. The equipment of the simulator offers very close-to-reality driving conditions and allows to collect many variables, such as longitudinal and lateral speed, location and heading direction, with a frequency of 10 Hz. After data collection, all these variables are transformed into a station-based reference system using a software developed by the HERG.
Development of the virtual scenario
The first step to undertake data collection in the driving simulator was to build the road segment and its environment in a virtual reality. It was necessary to dispose of:
 Horizontal and vertical alignments of the road segment  Surface model of the area  Orthophotography of the area  Inventory of road and environmental elements The horizontal alignment was obtained according to the methodology proposed by Camacho-Torregrosa et al. (25) . The vertical alignment was extracted from GPS data of the tests, using the same methodology. All different road and environmental elements, such as trees, traffic signs or safety barriers, were located in a CAD file and uploaded to the simulator. The SE 2 RCO driving simulator was able to merge all elements, providing a very accurate recreation of the actual infrastructure and environment (FIGURE 2).
Data Collection
The scope of the driving simulator study was the same as in the field study. In order to ensure the validity of the collected data, it consisted of the following steps:
1. Drivers are informed about how they should perform. No information about the research project is given. 2. Drivers fill out the first survey 3. Training segment 4. Test 5. Drivers fill out the second survey
The first survey collected personal information, such as driving experience or road knowledge. The second one asked about test-related topics, such as:
 Dizziness (nothing/low/medium/high)  Sickness (yes/no)  Eyestrain (yes/no)  Headache (yes/no)  Sleepiness (yes/no)  Reality of the virtual environment (low/medium/high)  Similarity between driving task in the simulator and the reality (low/medium/high)  Natural driving (nothing/low/medium/very natural)  Workload demand (nothing/low/medium/high)  Familiarity with the road segment (no/little/medium/a lot) This information was collected in order to analyze the symptoms of adaptation to the simulation (SAS) and to complement the driving simulator validation through drivers' perception.
The training session was needed to ensure that drivers do adapt to the simulator controls and environment. It consisted of driving through a road segment that presented similar characteristics than the road segment under study. The duration of the training session was 10 minutes at least.
In order to prevent dizziness, every participant had to stand up and walk for several minutes between the training stage and the beginning of the test, as well as between the forward and backward trips. In this regard, the researchers wrote down whether the driver had shown symptoms of dizziness along the test or not.
The driving simulator test was performed by 24 out of 28 volunteers who participated in the field test.
ANALYSIS
An exploratory and statistical analysis comparing the simulated speed (Vs) and the field speed (Vf) is presented. Drivers' perception and reaction to the simulator were also analyzed.
Speed
Exploratory Analysis
Before analyzing the relationship between field and simulated speeds, it was necessary to validate the operating speed profiles obtained from the real environment. This was achieved by comparing the field speed distribution of the 28 participants to the speed distribution observed by Pérez-Zuriaga et al. (22) in the same road section. The operating speed profiles for several speed percentiles were very similar, so it was concluded that volunteers were not biased. This process was deeply explained by Garcia et al. (24), using the same data set. In addition, the surveys results showed that all drivers performed in a natural (or quasi-natural) way in the field test, with a low workload demand.
Three volunteers reported dizziness and sickness problems and could not finish the driving simulator test. Hence, data of 21 drivers were processed. However, 87.5% of the volunteers indicated that they performed in a natural or quasi-natural way.
The next step was to compare the operating speed distributions of the simulated and the real environments. Percentiles 15 th , 30 th , 50 th , 70 th and 85 th of the simulated speed (Vs) were compared to the same field speed (Vf) percentiles. FIGURE 3 shows that these speed percentiles were quite similar in road features that presented a strong geometric control, i.e., the difference between Vs and Vf was found to be lower on curves than on tangents. This meets the conclusions provided by Bella (14) and Bittner et al. (23), who reported a higher speed variability in simulators.
Average and operating speed were also analyzed in all curves and tangents separately. Curves were analyzed using the minimum observed speed, while the maximum speed was used on tangents. The identification of these speed data was possible thanks to availability of continuous operating speed profiles in both cases.
Horizontal curves impose a geometric control, so the minimum speed was selected in order to determine how strong this control was. On the contrary, tangents are not geometric controls, so higher speeds can be reached. Thus, maximum speeds were selected.
The difference between the speed observed in the driving simulator and the speed developed in the field study (Vs-Vf) was also analyzed according to geometric features. On curves, the difference between average speeds (Vms-Vmf) ranged from -9.92 km/h to +8.65 km/h, whereas the difference between 85 th percentiles (V85s-V85f) ranged from -8.57 km/h to +15.70 km/h. Attending to tangents, the difference (Vms-Vmf) ranged from -7.12 km/h to +16.14 km/h, whereas the difference (V85s-V85f) ranged from -8.76 km/h to +27.84 km/h.
Statistical Analysis
A hypothesis test was performed to determine whether the speed observed in the driving simulator could be considered similar to the speed observed in the field study or not. For each element, the following hypotheses were formulated: (a) Null hypothesis H0: Vms=Vmf; (b) Alternative hypothesis H1: Vms≠Vmf. The level of significance considered in the analysis was 95%.
A first analysis was performed only for curves (TABLE 2a) . The null hypothesis was checked for all curves except seven, where speeds were influenced by external factors, such as the relative proximity to important intersections and some issues related to the simulated scenario.
The same analysis was carried out for tangents (TABLE 2b ). The null hypothesis was only rejected for six tangents. Three of them can be explained due to the presence of important intersections nearby, while the others are more related to the accuracy of the driving scenario.
All anomalous data were discarded from further analyses.
Drivers' perception and adaptation to the simulator
The driving simulator should also be validated from drivers' perception. This was performed by analyzing the results obtained from surveys.
The results showed that 62.5% and 33.33% of the drivers assessed the quality of the virtual environment as medium and high, respectively.
In addition, 80% of all volunteers indicated that the similarity of the driving task between the simulator and the real world was medium or high. As expected, drivers who suffered dizziness evaluated this similarity as low.
Finally, it is worth to highlight that only 16.67% of the users reported that the test presented a high workload demand. These drivers were mainly who suffered dizziness. Hence, most volunteers indicated a mid-workload demand, similar to the field test.
Regarding the symptoms of adaptation to the simulation (SAS), the drivers who suffered dizziness performed in the simulator much slower than in the field study. In addition, drivers older than 45 drove faster in the reality than in the simulator. The speed in the backward trip was lower than the speed in the forward one, probably due to the influence of the training session. On the other hand, the driving experience did not have any influence in the average speed of the volunteers who participated in the simulation test, although in the real world those users with greater experience often drive faster. Also notice that the problems related to dizziness and nauseas were presented in drivers older than 50.
DISCUSSION
The operating and average speeds were analyzed in field and simulated conditions, for curves and tangents separately.
FIGURE 4b shows the 85 th percentile of the simulated speed distribution (V85s) versus the 85 th percentile of the field speed distribution (V85f) on curves. A close relationship between both parameters can be observed, being the simulated speed higher (V85s) than the field one (V85f). This conclusion meets most previous research (14) , and is mainly due to the lack of lateral acceleration and lack of risk provided by the simulator.
Conversely, the average simulated speed (Vms) is very similar to the average field speed (Vmf) (FIRURE 4a), which is remarkable. This could be explained taking into account how an average driver performs. In this condition, drivers experience a lower lateral acceleration than those driving at an 85 th percentile speed, so the difference compared to the simulated environment is lower or even negligible.
The analysis of average and operating speed for tangents is shown in FIGURE 5 . In this case, the relationships are weaker than for horizontal curves, probably due to the higher speed magnitude and dispersion on tangents. In addition, both the average simulated speed (Vms) and the simulated operating speed (V85s) were greater than the field ones (Vmf and V85f, respectively).
Considering both curves and tangents, it can be concluded that the more complex an alignment layout, the lower the difference between the field and simulated average speeds, which is consistent with the research of Bella (14) and Bittner et al. (23) . In other words: the higher the speed, the higher the difference between simulated and field speed.
As stated by Bella (14) , this phenomenon may be due to a lower perception of risk in the simulated road. According to Fuller's driver behavior theory (27), drivers continuously make comparisons between their capability and the risk perception, trying to keep a constant level of perceived risk. In the simulator, the perceived risk on tangents or smooth curves is very low, thus enabling drivers to reach higher speeds.
Considering the behavior of speed data, two regression models were calibrated in order to predict field speeds as a function of the simulated ones (FIGURE 6a). They will allow designers to estimate actual speed from simulator speed in the road design phase. These analyses were performed merging curve and tangent data, since the relationship between simulated and field speeds could be performed in terms of speed or geometric constraint.
Although the first analysis showed that the mean field speed was statistically equal to the simulated one, a slight change in the tendency has been observed when simulated speed is higher than approximately 90 km/h (FIGURE 6a). A composite linear model was proposed accordingly. For simulated speeds lower than 87.66 km/h, field average speeds are very similar to simulated ones. For higher simulated average speeds, field speeds are a bit lower than simulated ones.
In addition, another model was calibrated for operating speeds (FIGURE 6b). This is a simpler unique model that estimates the field operating speed to be 4.86 km/h lower than the simulated operating speed.
This analysis can also be performed determining the speed difference as a function of geometry. The difference between the speed observed in the driving simulator and the speed developed in the field study (Vs-Vf) was analyzed according to curve radius and tangent length (FIGURE 7).
As the geometric constraint becomes stronger, (Vms-Vmf) is lower, and viceversa. In this regard, sharp curves (radii lower than 300 m) and short tangents (length lower than 300 m) presented very low values -even negative in some cases-, whereas smooth curves and long tangents presented higher simulated speeds. Nevertheless, the tendency of the difference between mean speeds in curves was constant and equal to 0 km/h approximately. Finally, the negative difference observed in some short tangents might be due to the preceding and/or following curve.
Considering (V85s-V85f), a higher tangent length produces a higher operating speed difference. On the other hand, this difference was around 5 km/h in curves, being slightly higher for sharp curves.
The objective validation for the SE 2 RCO driving simulator has been achieved, considering both the exploratory and statistical analyses.
The subjective validity was also achieved by means of drivers' perception. Most drivers assessed the quality of the virtual environment and the similarity of driving task between the simulator and the real world as medium or high.
All drivers suffering dizziness showed a great difference between the average simulated speed and the average field speed. Hence, these drivers were not considered in the study. Another important aspect is training time. In the driving simulator test, the average speed in the backward trip was a bit lower than in the forward one. This may be due to driver's adaptation, i.e., in the backward trip the volunteers already handled the system control of the simulator properly, whereas a section of forward trip could have been used as training. However, this fact might also be caused by tiredness accumulated by volunteers, since the simulator test lasted for one hour.
CONCLUSIONS
The validation of the SE 2 RCO driving simulator has been carried out comparing the continuous speed profiles obtained in a field study and in a simulator. In this regard, the average and operating speed of 79 curves with a radius from 40 to 520 m and 52 tangents with lengths ranging from 120 to 1500 m were obtained. Both the average and operating speeds have been analyzed. This analysis showed that:
 118 geometric configurations were used for validating the driving simulator. The field operating speed was 4.86 km/h lower than the simulated one. For average simulated speeds lower than 87.66 km/h, the average speed in the driving simulator and in the actual road were similar. However, for simulated speeds greater than 87.66 km/h the field speed was lower. This indicates that simpler geometries produce greater simulated-field differences attending to average speeds. One possible explanation is the difference of perceived risk.  Drivers' perception supported the validity derived from speed analysis, so most volunteers assessed the quality of the virtual environment and the similarity of driving tasks between the simulator and the real world as medium or high. Only drivers who suffered dizziness evaluated the simulator features negatively. As a result, the SE 2 RCO is a useful tool for driving speed behavior research, since there is a high correlation between the driver behavior in the simulator and the real road. A closer relationship between the speeds developed in the driving simulator and in field might be achieved by means of implementing motion to the simulator. In addition, training time and the symptoms of adaptation to the simulation (SAS) should also be studied in further research. The main objective would be to identify the optimum training time and assess the SAS taking into account social features and drive experience. 
